Introduction
Here we present a model of the relationship between nuclear morphology and cellular function of polymorphonuclear (PMN) leukocytes in the light of our cytogenetic observations. Segmentation, chromatin condensation and bilateral symmetry of these nuclei likely contribute to and promote the basic functions of granulocytes. These features of the nuclei, especially the bilateral symmetry, may also shed light on the intranuclear order of chromosomes. A long-lasting debate on this issue was opened by Rabl [1] who stated, 'Ordnung muss sein' and later contradicted by Comings [2] who commented '… in mammals and humans … no order is discernible'. Detailed studies of interphase cytogenetics by fluorescent in situ hybridization (FISH) protocols have revealed an intriguing order of the chromosomes in interphase and metaphase nuclei [3] [4] [5] [6] [7] [8] [9] [10] [11] . Furthermore, a 25-year study in developmental genetics has elucidated the mode and order of gene expression and has been described by Kmita and Duboule [12] as an activation of 'transcription factors in a precise temporal and spatial sequence that follows their chromosomal order'.
Here we present our observations on human granulocytes from thousands of specimens of blood, bone marrow and other tissues mainly from cases of leukemia and lymphoma from Europe and the USA examined during the last 15 years at LMU and Genedia, and IMPATH and Genzyme Genetics.
Most of the granulocytes in the peripheral blood are neutrophil leukocytes, also known as PMN cells, a term that includes basophilic and eosinophilic leukocytes as well. Their nuclei are polymorphic on two accounts. First, they are segmented into two to five or more lobes. Secondly, nuclei of these highly differentiated cells may change their morphology by changing the form of the segments and by merging the adjacent segments or stretching them apart.
In many specimens, a sizeable proportion of granulocyte nuclei has an annular shape with or without segmentations.
A very prominent feature of these nuclei, annular or not, was their bilateral symmetry. This symmetry was often highlighted with symmetric distribution of the signals of chromosome-specific FISH probes ( fig. 1 ). This kind of bilateral symmetry (based apparently on the two clusters formed by the two parental sets of chromosomes) was observed in all kinds of cell nuclei of blood and bone marrow -PMN or mononuclear cells in interphase as well as in cells at metaphase ( fig. 2 ) . In metaphases from short-term cultures, we observed clustering of the two sets of chromosomes in three different fashion styles: (1) the two parental sets lying side by side; (2) one parental set surrounds the other in a central compact cluster, and (3) the homologous chromosomes of the two parental sets tend to orient opposite to each other on metaphase spreads and metaphase plates ( fig. 3-5 ). Another nuclear feature, observed in both mononuclear and PMN cells, highlights the phenomenon of separation of the two parental sets of chromosomes. Nuclei of these cells show typically a biphasic distribution of chromatin as if one set of chromosomal chromatin is condensed while the other is decondensed, perhaps in preparation for DNA replication or transcription ( fig. 6 a, b ). An extreme form of biphasic distribution of chromatin, we observed, may be called a harlequin nucleus: with one set of chromosomes at metaphase and the other at interphase ( fig. 6 c, d) .
However, the proportion of PMN nuclei with this symmetry feature was generally very high although variable from specimen to specimen ( table 1 ). The bilateral symmetry of the PMN nuclei was comparatively rare in specimens highly positive for leukemic chromosomal changes like BCR-ABL translocations ( table 2 ).
Discussion
The formations of nuclear segments in PMN cells and the signal distribution of chromosome-specific FISH probes on them seems to contain a lot of information regarding the structure of the mammalian nuclei with important functional bearings.
Nuclei of Neutrophils Achieve Segmentation
After elaborate studies of dividing human fibroblasts by cinematography and by staining of fixed cells, Miles [13] indicated that the chromosomes become coated with lamin molecules at telophase and form a convoluted chain or ring comprised of all chromosomes. Inducing reversible chromosome condensation in a CHO cell line, Gacsi et al. [14] observed a linear arrangement of chromosomes by computer image analysis of the nuclei. Miles [13] had already observed that the chromosome chain folds to form a spherical nucleus.
The nuclei of normal human neutrophils may share an annular shape with several species, like rats and mice, as observed by Cabral and Robert [15] . Stavem et al. [16] re- ported on ring-shaped nuclei of human granulocytes in acute erythroleukemia. In some patients with myelodysplastic crisis, we have observed extended ring-like nuclei in about 80% of the myelocytes [8] . This phenomenon was also reported from different disorders of myelocytes [17] . Possibly, such a ring, when folded in the form of the figure eight, may give rise to a bi-segmented nucleus ( fig. 1 f) . Alternatively, a chain of chromosomes forming a nucleus may appear as a band, which may fold by twisting and thereby form segments. Further folding may create a tri-, tetra-or penta-segmented nucleus ( fig. 1 a-d) , or it may also unfold to reduce the number of segments. Commonly, the neutrophil leukocytes have three segments. The segments of such a nucleus are very often connected to each other forming a ring ( fig. 1 b-d ), at times with thin DNA bridges hardly visible under the light microscope ( fig. 1 h, i) .
Attributes of Neutrophils with Segmented and Condensed Nuclei
To patrol as scavengers through the different tissues, neutrophils leave the blood vessels creeping through the capillary walls. Then, they squeeze themselves through the interstitial spaces to reach the focus of injury, invasion and inflammation [18] . This kind of transmigration is also supported by the pericytes of the venular wall, as observed in confocal intravital microscopy [19] . However, both escaping from blood vessels and the patrolling tissues by passage through intercellular matrix are facilitated by highly condensed and segmented nuclei ( fig. 1 e, 7 : an image showing diapedesis and extravasal activities).
Life Cycle of Neutrophils
Myelocytes proliferate in bone marrow and differentiate into neutrophils, basophils and eosinophils. During maturation, they acquire cytoplasmic granules and undergo nuclear segmentation and condensation (cf. nuclei in fig. 1 e) . Within 3-5 days of maturation, the neutrophils leave the bone marrow and reach the blood stream. About 70% of peripheral blood leukocytes in adults are granulocytes, the vast majority ( 1 95%) of them being neutrophils. Some may die in the bone marrow or blood and be eliminated by macrophages and phagocytes. Others leave the blood vessels and enter the extravasal space to scavenge peripheral tissues. Having completed their mission of patrolling, they ultimately reach the body surface (skin or mucous membrane) and die and are shed off along with dead or dying epithelial cells.
Function of Neutrophils
Neutrophils form the first line of defense, mounting an important aspect of our immune system. They detect and respond to invading foreign agents and pathogens. Smaller agents like microbes are ingested by neutrophils and digested with lysosomal enzymes from their cytoplasmic granules. Neutrophils, unlike lymphocytes, never return to the vascular system. Their constant and continuous oneway traffic is maintained by a high rate of proliferation and differentiation to support chemotaxis, an efficient mechanism of directed locomotion in response to cytokines.
Segmented Nuclei of Neutrophils Show Bilateral Symmetry
In a previous study, we analyzed hundreds of neutrophils using image cytometry of chromatin patterns and DNA distribution in their nuclei applying the Feulgen reaction using the protocol of Papadimitriou and Shellam [20] . For further algorithmic processing, we scanned the captured images two more times. Thereby, examining them sequentially two more times, it appeared that these segmented nuclei often had bilateral symmetry. DNA measurement of both halves of these nuclei stained by the Feulgen reaction gave exactly the same value in each half of a nucleus with bilateral symmetry [3] . Subsequent tests with a number of chromosome-specific centromeric FISH signals suggested that their intranuclear distribution represents segregation of the homologous chromosomes into two groups highlighting the bilateral symmetry [3, 21] ( fig. 1 a-g ). These observations indicated that each half of a bilaterally symmetric nucleus represents one of the two parental sets of chromosomes [3, [8] [9] [10] 21] . Numerous other studies on epithelial and hematological cells support this distribution pattern, e.g., Koss [22] , Nagele et al. [4] and Bartova et al. [5] .
Functional Contribution of Bilateral Symmetry of the Nuclei
Neutrophils are possibly the most efficient cells in locomotion. Over 90% of the leukocytes reaching a site of inflammation within 1 h of an insult causing an Arthustype reaction are neutrophils. These leukocytes most likely are the fastest moving cells, attaining up to 30 m/ min in vitro [23] .
Cytokines induce the directional movement of these PMN cells by providing the guiding signals [24] , but their efficiency in locomotion is enhanced by their special nuclear morphology. Cells with segmented nuclei having a high degree of compaction may pass through the intercellular junctions of endothelium of blood vessels and through extravascular tissue more easily. Nuclear segmentation, compaction and bilateral symmetry along ily laden with larger lysosomal granules, but they also almost always have perfectly balanced bi-segmented nuclei. These bilaterally symmetric nuclei may enhance a time-efficient locomotion to reach the site of a crisis. Fukushima et al. [29] recorded that the eosinophils were faster in chemotaxis than the neutrophils.
Summary: Intranuclear Order of Bilateral Symmetry Supports Chemotaxis
Being bilaterally symmetric, having equitable distribution of DNA and a correspondingly equitable pattern of chromosome-specific FISH signals, the nuclei of these PMN leukocytes reveal a special order of nuclear architecture [3, 5] , an aspect that might remain undetected in non-segmented and spheroid nuclei of the so-called mononuclear cells (as opposed to PMN cells).
These observations indicate that in diploid cells the two parental sets of chromosomes correspond to two distinct units of structure and function. Analysis of early embryogenesis revealed that the number of centrioles equals exactly the number of haploid sets of chromosomes in a cell [37] . (The second centriole of a spermatozoon is the originator and regulator of the flagellum, serving as tail, and is in no way connected to chromosomes or to the nuclear chromatin.) Cinematographic analysis of fibroblasts in mitotic cycles indicated that the chromosomal mass and the centrioles (centrosome), which are connected by microtubules as spindle fibers, together form a structure present permanently through the cell cycle [38] . Electron microscopy supported this view [25, 30, 39] . Each of the two masses of chromatin of a bi-segmented nucleus, representing possibly the two haploid sets of chromosomes, appears obviously to be bound by microtubules to one of the two centrioles of a diploid cell [3, 8, 25, 30] . Rhythmic contractions and relaxations of those tubules anchored to each half of the segmented, compact and bilaterally symmetric nuclei of a granulocyte, as recorded by Bessis [25] , contribute to its efficient and directional locomotion ( fig. 8 ) .
Perfect bilateral symmetry may be expected if the two symmetric halves of a nucleus represent the two parental genomes, each containing 23 chromosomes, as earlier presumed by us [3] and subsequently supported by others by similar observations in different human and murine cells [4, 5, 7, 22] . Separation of the two parental genomes into two exclusive groups was also reported by others:
• analyzing ultrathin sections and applying differential in situ suppression hybridization of the two parental sets of chromosomes in monocot plants [40, 41] , • in male scale insects (mealy bugs) with paternal chromosomes heterochromatic and condensed all through the cell cycle [42, 43] , • in rat liver cells using oxyquinoline banding techniques [44, 45] , • in preimplantation embryos of mice following impregnation by spermatozoa completely labeled with bromodeoxyuridine [46, 47] , and • in dicot hybrid plants using three-dimensional (3-D)
FISH probed with species-specific centromere repeats [11] . Applying the same technique and similar 3-D analysis, Hepperger et al. [48] failed to find symmetric distribution of FISH signals in bi-lobed nuclei of human granulocytes in a total of 3 specimens. Perhaps this failure was due to the small number of cases and the very low proportion of them with cells with bilateral symmetry, or these specimens were from cases with immunologic deficiency. Similarly, Yerle-Bouissoin et al. [49] applied 3-D FISH on porcine neutrophils. However, they focused on the effect of lipopolysaccharide stimulation and did not examine the bilaterally symmetric nuclei.
Pera [50] , while examining polyploidization with time lapse cinematography, followed a hexaploid cell of a vole (Microtus agrestis) up to the metaphase stage, where six haploid sets of chromosomes were seen lying distinctly separated in exclusive zones. Similar ploidy-wise distribution has also been reported in tetraploid cells of human blood and bone marrow [8] and in polyploid dicot plants Torenia [11] .
Observations of the loss of maternal chromosome 11 [51, 52] and especially the genome-wide loss of maternal alleles in Wilms' tumors [53] , ploidy-wise distribution of chromosomes in a polyploid cell line documented by Pera [50] , behavior of the haploid units during gametogenesis in a bisexually reproducing all triploid vertebrate [54] and biphasic distributions of chromatin condensations in blood and bone marrow cells [9] suggest that chromosomes are handled and/or addressed ploidy-wise, i.e. genome-wise, so that maternal and paternal genomes may also act alternately by opportunity or availability or necessity (cf. a mixed double tennis match). By necessity, the parental genomes do also participate in harmonious cooperation, when the chromosomes bearing nucleolus-organizing regions come together to build a nucleolus, for example, although they are tethered to their respective centrioles (see online supplementary fig. 9 -12 at www. karger.com/doi/10.1159/000343037).
Conclusion
These findings indicate two important aspects of the intranuclear order:
(1) the two parental sets of chromosomes form the two genomic units of a diploid nucleus, and (2) in a bilaterally symmetric nucleus of a PMN leukocyte each of the two genomes, i.e. each of the two halves of the nuclei, with its own centriole may determine the axis of locomotion of a bipolar granulocyte and thereby support an efficient chemotaxis.
